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INTRODUCTION 

There h a s  bccn a great dcal of excitcnicnt about various practical applications of 
biotcchnology, including thc production of chcmicals. fucls. foods, and drugs; waste treatment; 
clinical and chcmical analyscs; toxicological assays; and uscs in medicine. In fact, in the last 
four ycars there havc bccn four issucs of Science dcvotcd to this "revolution" in biology. The 
two most rcccnt wcrc entitlcd "Biological Frontiers" (1) and "Biotechnology" (2). 

Microbc-catalyzed proccsscs constitutc industrial microbiology, which today is a diversified 
multi-billion dollar industry (3,4). Thc applications of living microbial. plant and animal cclls 
for thc production of uscful compounds has bccn cxtcnsivc. Thc microbial conversions of 
lignocellulosic niatcrial, thc biological prccursor to coal, havc also bccn studied in detail. 

Studies in coal bioproccssing, howcvcr, is just gctting undcrway and still in its infancy. 
Conceptually coal bioproccssing can bc catcgorizcd into two areas: 1) coal clcaning--removal 
of undcsirablc components such as sulfur, nitrogcn, trace metals; and 2) coal conversion- 
microbial liqucfaction, microbial gasification, microbial prctrcatmcnt, methane production. 
The ability of any niicrobc or microbial consortia to brcak down a complex structure dcpcnds 
on the typcs of chcmical bonds and thc thrcc dimcnsional cnvironmcnt around the bonds. 
Thcrcforc, intcrtwincd with coal bioproccssing is an undcrstanding of thc coal macromolecular 
struciurc and biochcniical mcchanisms by which microbcs/cnzynics break bonds. These 
rclationships arc dcpictcd in Figure 1. 

Thc objcctivcs of microbial coal clcaning arc clcar. Rcmoval of sulfur, nitrogcn and trace 
nictals by mild microbial proccsscs for thc production of clcan coal is thc ovcrall goal. 
Howcvcr, in thc arca of microbial coal conversion i t  sccms that thc objcctivcs arc not vcry 
clcar. For cxamplc, in  the casc of microbial lignin dcgradation the objcctivc is vcry clcar; that 
is the complctc dcgradalion of thc lignin. Obviously, onc docs not want to complctcly degradc 
the coal, but convcrt thc coal into a niorc usablc form by thc application of microbial 
transformations. 

Thus, thc overall objcctivc in  any coal convcrsion schcnic, whcthcr microbial or chcmical, is to 
produce a bcttcr fucl form, bc it liquid fucl (transportation fucls), solid fucl. or even a n e w  
fucl form for dircct utilization. This csscntially cntails dcpolymcrizing of the coal 
macroniolcculc, rcmoval of oxygcn. incrcasc in  HIC ratio. This conccpt is dcpictcd in Figure 2. 
It must be bornc in mind that unlikc i n  thc lignin dcgradation, the coal can not just be 
subjcctcd to a non-spccific dcgradation, but niust undcrgo microbial transformations resulting 
in a dcpolynicrizcd, dcoxygcnatcd, dcnitratcd product which would result in a bctter fuel. 

Thc arca of microbial convcrsion or coal is rccciving a lot of attcntion thcsc days. Cohcn and 
Gabricl ( 5 )  rcportcd that fungi could grow dircctly on and nictabolizc naturally occurring coal. 
Scott (6), Wilson (7), Ward (S), and Faison (9) havc also rcportcd dcgradation or solubilization 
of lignilcs by various fungal strains including thc solubilization of a Wyodak subbituminous 
coal ( 6 ) .  As Howcvcr, liltlc is known about lhc products of the dcgradation or solubilization. 
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indicated earlier. the overall objcctivc in any coal convcrsion schcmc whether microbial or 
chemical is to produce a bcttcr lucl lorn. 

Towards achieving. this goal, thcrc arc two basic approaches to microbial processing of coal. 
The first approach involves the oxidative solubilization or depolymerization of the coal 
macromolccule. It involves using enzyme systems or microorganisms to hydroxylate aromatic 
rings followed by ring fission to a carboxylic acid. Since all of this involves introduction of 
oxygen into the coal, the question of whcther coal is being converted to a lcss desirable fucl 
form (convcrting coal into biomass?) becomcs an important issue. On the othcr hand, if the 
oxygenated material is morc rcccptive to dcoxygcnation and/or upgrading than the starting 
coal, or has other uses, then this type of microbial conversion makes sense. 

A second approach to microbial proccssing of coal, which, according to me promises to  be 
much morc rewarding and cxciting. Thc approach envisions using facultative anaerob ic  
bac ter ia  to reductivcly dcpolymcrizc/solubilize coal, i.e., rcduction of aromatic rings and 
reductive cleavages to product a hydrogenatcd product. In othcr words, hydrogenation of coal 
via an anaerobic microbial proccss resulting in a morc desirable fucl form rather than 
oxidation via an aerobic microbial proccss which rcsults in a lcss desirable fuel form. Indeed, 
coal scientists throughout thc agcs have bccn trying to do exactly this; i.e., inexpensive 
approach to product a dcpolymcrizcd, hydrogen-rich coal fucl. 

MICROBIAL COAL TRANSFORMATION IN AEROBIC SYSTEMS 
(Oxidativc Solubilization/Dcpolynicrization) 

All of the microbial conversions (dcgradation or solubilization) reported so far in literature 
involvcs acrobic systems. Thc mechanism opcrating under thcsc conditions is oxidative, 
depolymerization that is hydroxylation of the aromatic ring followed by ring scission. Indeed, 
it has bccn shown that biodcgradation/oxidation of aromatics are initiated by a series of 
enzymes known collcctivcly as thc oxygcnascs. The oxygenases can bc further sub-divided 
into dioxygcnases and monoxygenascs. Molccular oxygcn is csscntial for thcm to function 
since it is incorporatcd into the end product. The rcaction pathway is shown in  Figure 3 (10) 
with ring clcavagc occurring a t  thc bond bctwccn thc hydroxyls (orthoclcavagc) or the bond 
adjacent to the hydroxyl. Two- (11.12) and three-ring aromatics (13-15) can also be 
degraded although frce ortho ring positions must be available (Figure 4). Low-ranked coals 
have a number of hydroxy and dihydroxy aromatic structures, as well as carboxy groups. 
Pseudomonas  species arc capablc of carrying out oxidation ring cleavage reactions (16-20) 
(Figure 5) .  or aromatic rings containing these functional groups. Thercforc, the Pseudomonas 
spccics should bc capablc of oxidizing low-rank coals. It would be intcresting to compare the 
products obtaincd from the microbial oxidative cleavage reactions with that obtained from the 
ruthenium tctraoxide catalyzcd oxidation of the coal. This is because the mechanism of the 
ruthenium tctraoxidc oxidations involvcs hydroxylation of thc aromatic rings followed by ring 
clcavagc which is similar to thc mcchanism of microbial oxidative ring clcavagcs. 

Again, the question that pops up is whcthcr such microbial proccssing approaches for 
depolymcrization/solubilization of thc  coal makcs scnsc. Thc reason being that we have 
introduced a nunibcr of oxygcn functional groups during thc process. which could result in 
lcss dcsirablc fucl qualitics. 

Lignin Biodegradation 

Lignin is considcrcd as the prccursor to coal and some young lignites may contain 35%-70% of 
lignin-like compounds. I t  is, therclore, not surprising that lignin degrading microorganisms 
and enzymes arc being cmploycd for microbial coal convcrsion. For examplc Phanerochaete 
chrysospor ium and Polyporous versicolor havc bccn uscd i n  microbial coal conversions. 
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Thesc are "whitc rot" fungi and their mcchanism of action for lignin degradation involving the 
enzymes ligninase and laccasc have been extcnsivcly studied by Kirk and others (21-23). 
They report that the degradation procccdcd by non-spccific hydroxylation and ring opening 
just like the oxygenascs functions and, not as previously belicvcd, by beta-arylcthcr cleavage 
initiated by a specific etherase enzyme (Figure 6). 

ENZYMES VS WHOLE CELLS 

The question also arises as to whether coal bioprocessing would be better achieved with 
growing cclls or isolated enzymes. Multistep transformations such as the synthesis of 
interferon or the production of ethanol from cellulose involvcs a number of diffcrent enzymes 
acting sequentially and regcncration of co-factors is required. Therefore, it is clearly 
advantageous to usc whole cclls. For one step or two step transformations howcvcr, enzymes 
are probably supcrior because their usc is frce of drawbacks such as competing side reactions, 
sterility problems, and thc cell lysis often associated with fcrmentations. Enzyme systems 
like the ligninascs, oxygenase could promote sclectivc transformations. There also exists the 
capability of ovcrproducing the coal processing enzymes using recombinant DNA or genetic 
cnginccring techniques. In Pact, the ligninasc enzyme has been cloned in Escherichia coli. It 
thercforc seems to  me that the use of isolated cnzymcs for coal bioproccssing is advantageous 
and should bc pursucd. 

In our laboratory, we are evaluating cnzymes present' In  various microorganisms to -carTy-out 
decarboxylation, hydrogenation and non-oxidative depolymerization of the coal. Preliminary 
results have shown that microorganisms such as Baci l lus  megater ium containing 
decarboxylasc(s) can remove C 0 2  from model compound vanallic acid and coal. The resulting 
coal has a higher H/C ratio. Low rank coals have a substantial numbcr of oxygen tied up as 
carboxyls. 

ANAEROBIC BIOCONVERSION OF COAL (Reductive Dcpolymcrization/Solubilization) 

A more cxciting and potentially rcwarding field is thc area of coal bioproccssing under 
anaerobic conditions. To thc best of our knowledge, almost no work has bcen done in this 
area. This approach envisions the use of facultative anaerobic bacteria to reduce the aromatic 
ring systems in the coal and producc a depolymerized hydrogcnatcd product. In other words, 
instead of adding oxygcn via an aerobic process and producing a less desirable fuel, w e  can 
add hydrogen to the coal using an anacrobic process and produce a richer fuel. 

Anaerobic Aromatic Ring Metabolism 

Under anaerobic conditions, aromatics are degraded by either hydration or hydrogenation 
followcd by non-oxidative ring fission. In all cases investigatcd the microorganisms initially 
reduce the ring structure (24). Tarvin and Buswcll (25) reported the complete utilization of 
benzoate, phcnylacetate, phenyl propionate and cinnamate by anaerobes. Hcaly and Young 
(26) found that 11 simplc lignin derivatives wcrc biodegraded to mcthanc and carbon dioxide 
under strict anaerobic conditions. Anaerobic dcgradation of two and threc ring lignin 
fragmcnts has been proposed to occur via an overlap of the fcrulatc and benzoate dcgradative 
pathways (27). 

Clcavagc of the benzene nucleus anaerobically occurs by at lcast thrcc differcnt reaction 
schemes as shown in Figure 7. 

A. Photometabolism; ex Rhodopseudomonas palustris.. 
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B. Nitrate respiration; ex Moraxella sp.  

C Methanogenic fermcntalion; ex occurs via a consortium of gram negative organisms I 
and various mcthane bactcria. 

1 

\ 

Several species of the purple non-sulfur bacteria, thc Rhodosp i r i l l aceae .  are able to use 
aromatic compounds as sole carbon sourccs by photomctabolism. When cell suspensions of R .  
palusrris were incubated with (14C) bcnzoatc the scvcn carbon atoms of benzoate remained 

1 

MICROBIAL COAL CLEANING 

Unlike microbial conversions, thc microbial cleaning objcctivcs arc much bctter defined. 
Rcmoval of sulfur primarily trace mctals. chlorinc and nitrogcn by microorganisms is thc 
focus of attcntion. especially, pyrite removal has received a lot of 
attcntion, and a number of papcrs by diffcrent rcscarch groups have been published on the 
subject (29.30). Thiobac i l lus  is used for pyritic sulfur removal and a host of literature is 
available on the subject. Thiobacillus or 
other microorganisms for pyritic sulfur rcmoval bccausc it takcs wccks and cvcn months for 
thc reaction to go to complction. A morc viable option in which Atlantic Rcscacch Corp. and 
Illinois Geological Survcy. arc working in thc use of microorganism to surfacc modify the 
pyrite is coal and makc it morc hydrophilic. This type of conditioning takcs only thrcc to four 
hours and a convcntional flotation process can now climinatc almost all of the pyritic sulfur 
from this niicrobially prctrcatcd coal. Another approach would bc to let loose the 
microorganisni in a coal storage pile and then comc back latcr to havc a sulfur-free coal 
available. Indccd. in Cuba, such an approach is 
uscd for thc rcmoval of lignin from c m c  sugar-called thc Cubaninc process. Lignin-dcgrading 
enzymes from thc white rot fungus arc put togcthcr with the biomass cane sugar material in a 
large chambcr and after a month has clapscd thc biomass is takcn up. ground and made 
rcady for use. Cubans havc found that this method is cost-cffectivc in removing lignin 
and saves them a lot of cncrgy which thcy would, othcrwisc, havc to cxpcnd to remove the 
lignin. 

Microbial desulfurization, 

Thc qucstion arises whcthcr it is cost-cffcctive to use 

Thc idea is not as far fctchcd as  one thinks. 

Thc 
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BIOPROCESS ENGINEERING COMPONENT 

Finally, one has to rccognize that in order for these 'microbial conversions to reach a 
commercial scale, bioprocess considerations are warranted. Biorcactor design. problems about 
nutrient recycle or other proccss considerations entails the fact that biorcactor engineering 
will have to become an intcgral component of any coal processing scheme. Figure 18 
illustrates some of the possible biorcaclor configurations that can be used. 
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